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Abstract 
In the paper, the peculiarities of spatial and temporal focusing of electron bunches in time-dependent fields are elucidated as 
applied to the problem of generating of ultra-short electron probes for TRED experiments. A proportionality condition for the 
first-order temporal aberrations in arbitrary electromagnetic field is established. A master equation describing joint evolution of 
the first-order temporal chromatic aberration and the first variation of the particles’ full energy inside the bunch is derived and 
analyzed. The possibility of the first-order temporal focusing in time-dependent electric fields is illustrated by two model 
examples allowing complete analytical investigation. General quantum-mechanical limitations to the bunch duration are 
discussed. The results of computer modeling of a photoelectron gun with combined time-dependent and static electric fields 
ensuring both temporal compressing of the bunch at the target and its spatial focusing upon the screen are presented together with 
recent experimental results on the photoelectron gun testing.  © 2008 Elsevier B.V.
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1. Introduction 
Electron-optical methods are widely used in the area of ultra-short events recording and investigation. By 
illuminating a photocathode with an optical (say, laser) pulse, we gain an electronic “response” in the form of 
electron bunch containing in itself whole information as to the properties of incident optical radiation. Thus, on this 
stage we get a transformation of temporal modulation of light power density within the incident optical pulse into 
spatial modulation of space charge density within the electron bunch emitted. There are two principally different 
approaches of how the ultra-short photoelectron bunch resulted from the interaction of incident optical pulse with 
photocathode can be used. 
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The first approach, so-called streak image tube technique, is connected with the problem of measuring the 
intensity time profile of incident optical radiation. In this case, the photoelectron bunch produced by photocathode is 
considered as a carrier of information on incident optical pulse structure, and all subsequent transformations of the 
bunch within the streak tube are aimed at preserving and then revealing that information upon the screen. The latter 
requirement inevitably brings us to predominant use of stationary fields for the bunch focusing, because a non-
stationary field may substantially destroy the temporal structure of the bunch. 
 
It is well known that in any static electromagnetic field the limiting duration of electron bunch emitted by 
photocathode is mainly restricted by the first-order temporal chromatic aberration, which in static case, according to 
Zavoisky-Fanchenko formula [1], is directly proportional to the spread of photoelectrons in initial axial velocities 
and inversely proportional to the electric field intensity nearby the photocathode. In contrast to photons, the velocity 
of electrons depends on its energy, and even small unavoidable spread of photoelectrons in initial energies may 
result in significant spread in arrival time at the image receiver. During about 60 years, since the first Courtney-
Pratt’s time-analyzing image converter tube (according to modern terminology - streak image tube) was invented 
[2], the increase of field intensity nearby the photocathode has always been considered as the main way to diminish 
the first-order temporal chromatic aberration. Many sophisticated engineering solutions connected with streak image 
tube design have been obtained on this way. As example, the urgent requirement of high field intensity brought the 
experimentalists, in due time, to the use of a fine-structure grid placed nearby the photocathode. Basically, this 
requirement has always been a stimulating goal - either the matter was the design of high-voltage electronic circuits 
for streak image tube operation, or the development of a special “grid-oriented” technology for photocathode 
evaporation. As a result, temporal resolution of the most advanced streak cameras presented at the modern market 
constitutes about 200 fs, with the field intensity at the photocathode raised up to 20 kV/mm and even more. The up-
to-date situation is that electrical breakdown limitations make rather problematic a somewhat significant 
improvement of this result. The true physical reasons of these difficulties spring from the fact that in conventional 
streak image tube technique we still have to pursue two purposes simultaneously: to essentially shorten the electron 
bunch duration, and to maintain in the same bunch the temporal structure of incident optical radiation. 
 
We find ourselves in quite different situation if we consider the application of ultra-short electron bunches to 
time-resolved electron diffraction experiments (TRED) [3] which represent one of the most exciting and promising 
areas of modern micro-world physics. The electron bunch, if considered not as a carrier of information on incident 
optical radiation but as an experimental tool to probe the matter under investigation, possesses some important 
advantages before the laser pulse. First, owing to the presence of electric charge, the interaction of electrons with 
matter is much stronger than that of photons. Second, the wavelength of electrons accelerated up to some tens of 
kiloelectron-volts is small enough to form an observable diffraction pattern of solid state and gaseous targets. In 
contrast to the time profile measuring problem peculiar to streak image tube technique, in TRED experiments we do 
not need to preserve the information on temporal structure of incident optical radiation in the probing electron 
bunch. Our main purpose becomes to gain an ultra-short electron bunch of controllable duration, which at some time 
moments (those are the points of temporal focusing) could be made even substantially shorter than the incident laser 
pulse. This implies that in TRED case we may speak about the use of time-depending electric fields to focus the 
electron bunches temporally, just similarly to how the stationary electron beams are spatially focused upon the 
screen in a variety of static electron-optical devices. From this point of view, it is of profound importance that 
temporal focusing with time-depending fields allows complete elimination of the first–order temporal chromatic 
aberration and, at the same time, does not impose any ultrahigh constraints upon the electric field in the near-
cathode region. 
 
The main issues of the paper are as follows. First we consider some theoretical grounds of first-order temporal 
focusing and derive a “master equation” to describe joint evolution of the first-order temporal chromatic aberration 
and the first variation of the particles’ full energy inside the bunch. The analysis of this equation shows the first-
order temporal focusing to be conditioned by the change in full energy of the particles inside the bunch when 
traveling through the time-dependent field region. Then we consider two simple model problems to illustrate the 
possibility of the first-order (“ideal”) temporal focusing in time-dependent electric fields. The first of the problems 
represents one-dimensional motion of electrons in a parabolic potential well moving along the direction of electron 
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bunch propagation, and the second one is connected with the so-called thin temporal lens approximation. The latter 
issue is followed by a brief discussion of some general quantum-mechanical limitations to the bunch duration. The 
final section of the paper comprises the computer modeling and experimental results related to the development of a 
photoelectron gun with combined time-dependent and static electric fields ensuring both temporal compressing of 
the bunch at the target and its spatial focusing upon the screen. 
 
2. First-order temporal focusing in time-dependent electric fields 
Consider a bunch of emitted photoelectrons which are traveling towards a target in an axially symmetric electron-
optical system with time-dependent axial potential distribution ),( tzΦ . Let τ , zε , and rε  be, respectively, the start 
time moment, axial, and radial energy components of an individual particle leaving the photocathode. We will 
describe the evolution in time of the axial coordinate ),,;( rztz εετ  and arrival time ),,,( rztT εετ  in terms of the 
aberration expansions  
 +++= zrz tztztztz ετεετ ετ )()()(),,,( 0  
 +++= zrz tTtTttT ετεετ ετ )()(),,,(  (1) 
It is necessary to clarify here that ),,,( rztT εετ  represents the time of the particle’s arrival at the plane 
)0,0,0,()(0 tztzz ==  (with t  fixed), considered as function of initial small parameters rz εετ ,, . For writing 
simplicity, we use the indexes ε (with the index z omitted) and τ  to denote the partial derivatives with respect to 
zε  and τ  on the principal trajectory )(0 tz . The terms of higher order with respect to the set of small parameters { }rz εετ ,,  are omitted. 
 
It is most important that in any arbitrary non-stationary electromagnetic field the first-order temporal aberration 
coefficients τT  and εT  proves to be proportional [4]: 
 
τε Te
m
E
T 21
0
−=
 (2) 
and, as a consequence, can be made zero simultaneously ( 0E  is the field intensity at 0,0 == tz ). 
 
As shown in [5], if we denote E  and W  the full and kinetic energy of a particle, correspondingly (expressed in 
volt units, so that Φ−= WE ), we can easily come to the system of two differential equations with respect to the 
first variations τT  and τE  on the principal trajectory )(0 tz : 
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The system (3) may be called the master equation of the first-order temporal focusing. In static case ( Φ  does not 
depend on time) we have the trivial solution 0=τE , 1=τT  for all t . According to the proportionality condition (2), 
this returns us back to the well-known Zavoisky-Fanchenko formula 
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mentioned in the Introduction above. This is a clear manifestation of the fact that the first-order temporal chromatic 
aberration is unavoidable in the static case, and only can be reduced at the expense of increasing the near-cathode 
field 0E  (we do not consider here the possibility of narrowing the initial energy distribution of the photoelectrons, 
which is most restricted in practice). On the contrary, as we will see below, the diversity of time-depending electric 
fields offer us lots of opportunities to make τT  (and as a sequence, εT ) strictly zero at the point of first-order 
temporal focusing. 
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3. A simple analytic example of temporal focusing in time-depending electric field. 
     Thin temporal lens approximation. Quantum-mechanical limitations. 
We may ask ourselves whether some time-depending fields exist, in which the condition of the first-order 
temporal focusing 0*)( =tTτ  can be strictly satisfied. The positive answer to this question is delivered by the model 
example of one-dimensional oscillating motion of electrons in a parabolic potential well, which is moving with the 
velocity 0V  along the direction of electron bunch propagation. The corresponding potential distribution in time and 
space appears as 
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where, as above, )0,0(0 Φ′=E  is field intensity at the photocathode centre ( 0=z ) at the initial time moment 0=t . 
Let us also suppose that the photoelectrons are emitted with different energies 2/20mVe <<ε  in positive direction of 
the z-axis within the time interval [ ]2/,2/ δτδτ− , ωδτ /1<< . 
 
In the laboratory coordinate system moving together with the potential well, the motion of electrons represents 
isochronous harmonic oscillations with the frequency ω , while in the basic (stationary) coordinate system such 
motion is given by a little more complicated relation  
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In a half-period of oscillation ωπ /* =t  all the particles emitted at the same time moment 0=τ , independently of 
their initial energy ε , are focused at the point 200 /2/* ωωπ meEVz += . It means that 0)(/ 0,0 =∂∂ == ετε nn z  at ∗= tt  
for any natural number n . It can be easily shown with differentiating (6) by τ  at 0,0 == zτ (it also directly follows 
from the general proportionality condition (2)) that the particles emitted at various time moments τ  are also focused 
at the point *z  at ∗= tt , but only within the first-order approximation with respect to τ . Thus, the time moment 
ωπ /* =t  represents a point of the first-order temporal focusing with respect to the set of parameters },{ ετ . Fig.1 
displays the focusing of the particles with various initial energies (1 ) and various start time moments (1b). 
 
                         
Fig.1.  The motion of photoelectrons in the moving potential well:   – trajectories of the particles with various initial energies, 
b – trajectories of the particles with various start time moments (the principal trajectory is shown by the thick line). 
This example confirms principal possibility of the first-order focusing in time-depending electric field, but is too 
far from practical realization. Now we consider the construction of a thin temporal lens being more close to practice. 
Such a lens comprises three diaphragms positioned downstream of the photoelectron bunch, as shown in Fig.2. 
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Fig.2.  The thin temporal lens.  A - axial potential distribution at the start and final time moments. 
B - temporal compressing of electron bunch while passing through the thin temporal lens and static field area. 
The arrows’ length indicates the correlation between full energies of electrons at the tail and leading edge of the bunch. 
The left and right diaphragms of the lens are biased by the constant voltages 1U  and 2U , respectively. The 
voltage )(tUd  of the middle diaphragm is changing in time while the bunch is moving from the left diaphragm 
towards the right one. According to the superposition principle, the axial potential distribution in the area of interest 
is 2211 )()()()(),( UztUzUztz dd ϕϕϕ ++=Φ , with 21 ,, ϕϕϕ d  being the unit potential function of the corresponding 
electrodes. If the apertures of the diaphragms are small enough, the electric field between the diaphragms may be 
regarded as homogeneous, and the function dϕ  considered as piece-wise linear. Within the thin temporal lens 
approximation, which is quite analogous to the thin lens approximation in static optics, we may assume the variation 
of the function τT  inside the temporal lens under consideration to be much less compared to its initial value, so we 
can put 1=τT  in the right part of the master equation (3) and calculate the full energy variation 
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Here it  and ft  are the endpoints of the time interval during which the middle diaphragm voltage is changing in 
time. If the middle diaphragm voltage changes in time linearly ))(( consttUd = , the second integral in (7) vanishes, 
and the full energy variation τE  within the temporal lens takes the simple form  
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For distinctness, let us suppose that dU  is increasing in time. It can be easily seen from (8) that *τE  is maximal in 
the case that electric field starts to change just at the time moment when electron bunch is entering the lens area 
through the left diaphragm ( )0=dϕ , and stops to change just at the time moment when the bunch is passing through 
the middle diaphragm ( )1=dϕ . In this case 0* >= dUEτ , which means that the full energy of the particles traveling at 
the bunch’s tail exceeds that of the particles traveling at the bunch’s leading edge. In a definite time interval the rear 
particles would run down the leading ones, and the bunch duration would become minimal (Fig.2b). Obviously, in 
the case that dU  is decreasing in time, the analogous effect of temporal focusing is accomplished in the field area 
located in between the middle and right diaphragms. Introducing the full energy increment  
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the bunch acquires within the temporal lens, and assuming that, having left the lens, the bunch gets into the free-of-
field region, we can easily calculate from (3) the distance f  between the thin temporal lens and the point *z  at 
which the temporal aberration coefficient τT  vanishes: 
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By analogy with the case of spatial focusing, this value may be regarded as the focus length of the thin temporal 
lens considered. 
 
The contribution of the second-order aberrations, which in general case determine the bunch duration at the point 
of temporal focusing, has been studied in [5]. It was shown that in some cases the second-order temporal aberrations 
can be corrected too, but only partially. Here we will briefly consider the limitations that are imposed upon the 
bunch duration by quantum-mechanical nature of electrons. 
 
It is well known that the electromagnetic pulse generated by a femtosecond laser is non-monochromatic in the 
case that the pulse duration δτ  is rather short. The spectrum width of such a pulse is δτπδω /2≈ , and, 
correspondingly, the quantum-mechanical uncertainty of the photon energy appears as  
 
δτ
πδωδε 2≈=quante  (10) 
For femtosecond laser pulses, the value quanteδε  is commonly about some tenths of electron-volt. As example, at 
20=δτ fs, the quantum uncertainty of the pulse energy is 2.0≈quanteδε eV. It is clear that the energy uncertainty of 
emitted photoelectrons cannot be less than this value. 
 
Detailed analysis of the second-order aberrations shows that that the duration Tδ  of the bunch at the target and its 
energy Eδ  stay related by the uncertainty relation similar to (10)  
eET /2πδδ >    , (11) 
which means that temporal compressing of the bunch may be achieved only at the expense of introducing of a 
certain energy spread δτδ τEE =  into the bunch compressed.  The formula (11) represents the fundamental quantum-
mechanical restriction to the bunch duration in temporal compressing mode. 
 
4. Simulation of electron-optical systems with time-dependent electric fields and some experimental results 
The simple examples considered in Section 3 illustrate only a principal possibility of the first-order temporal 
focusing of electron bunches in time-depending fields. The problem becomes far more difficult if we are speaking 
about practical design and experimental testing of a device. In the latter case we face some stages, each representing 
rather complicated problem of photoelectronic imaging. These stages include: 
  computer modeling and optimization of electrodes geometry and voltage modes of an electron-optical system 
(further we call it “photoelectron gun”) with time-depending electric field  
  development and design of a microwave electronic unit capable of generating a high-voltage electric pulse 
responsible for electron bunch compressing; independent testing of the unit and coupling it with the 
photoelectron gun’s electrodes,  
  practical design and manufacturing of the photoelectron gun as a whole device, 
  experimental testing of the photoelectron gun with the use of an appropriate laser system. 
 
Since our first paper [4] on electron bunches compressing with non-stationary electric fields was published, a 
team of experts working at Photoelectronics Department, General Physics Institute, RAS, including the authors of 
this paper, have passed through all these stages. Some results of this work are presented below. 
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Fig.3 displays the results of computer-aided design of the photoelectron gun with time-depending and static 
electric fields combined together to ensure both temporal focusing of the bunch upon the target and its spatial 
focusing upon the screen. The photoelectron gun’s principle of operation is as follows [8]. 
 
 
Fig.3.  First-order temporal and spatial focusing in the photoelectron gun with combined time-depending and static electric fields. 
The photoelectron bunch generated with a laser pulse from the photocathode 1 is accelerated by the fine-structure 
mesh 2 distanced for about 1mm from the photocathode, and gets into the area of time-depending electric field 
which is triggered (with a definite time delay to the bunch’ start time) by the symmetrical low-impedance 
microwave stripline 3 responsible for temporal focusing. In this area, similarly to the case of the thin temporal lens 
considered above, the velocities of the particles comprising the bunch are starting to change in such a way that the 
bunch gets compressed (temporally focused) at the target 7. Having passed through the diaphragm 4, the bunch 
enters the area of spatial focusing governed by the electrode 5. In TRED mode, the bunch, having passed through 
another diaphragm 6, hits the target 7 and creates a diffraction picture focused upon the screen 9. The testing mode, 
being of main interest to us, is aimed at measuring the compressed bunch duration at the target. In this mode the 
target is lifted up, and the bunch, when passing through the dynamic deflection system 8, is being swept along the 
screen with the phase velocity of 2-3 velocities of light. The time profile of the focused swept image of the bunch 
gives direct information as to the bunch duration at the target. 
 
Most sophisticated computer modeling and optimization of the photoelectron gun, including temporal and spatial 
aberrations calculation, numerical evaluation of Coulomb and 3D fringe effects, tolerances calculation, etc, have 
been carried out with ELIM/DYNAMICS [6] and MASIM [7] program packages. 
 
As can be seen from Fig.3, the system geometry and voltage modes (both static and time-dependent) have been 
optimized to ensure the spatial crossover, temporal focus of the bunch, target plane, and dynamic deflection centre 
to be located close enough to each other, which makes more reliable taking diffraction pictures and measuring 
duration of the bunch in streak mode. In the lower part of Fig.3, the “limiting” axial potential distributions related to 
the time moments 1tt =  (the bunch hasn’t entered the time-dependent field area yet) and 2tt =  (the bunch has 
already left the time-dependent field area) are shown. Overall optical length of the system is about 320 mm, with 
electron-optical magnification close to 2.5 and a spatial resolution of about 25 lines pairs per millimetre. 
 
It should be noticed that the thin temporal lens approximation considered in Section 3 is not strictly valid for the 
temporal lens of the photoelectron gun in question. We needed here to numerically solve rather serious time-
dependent field calculation problem with regard to the effect of time-depending field penetration into the static field 
area located downstream of the diaphragm 4. 
 
In our testing of the photoelectron gun designed, we have started from comparatively long laser pulses to make 
the experiments more reliable. In Fig.4 the first experimental result on electron bunches compressing in time-
depending electric field is shown. A slit of 0.1×3 mm sizes on the photoelectron gun’ photocathode was illuminated 
with a laser pulse of 150 ps duration. The left part (A) of Fig.4 displays both electron image and time profile of the 
swept bunch in the absence of temporal focusing (only 60 ps of the image could be put into the screen due to 
restricted size of the latter). The right part (B) represents the results of temporal compressing of the same bunch with 
the high-voltage electric pulse changing in time with the rate about 1.2 kV/ns (Fig.5). 
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It can be seen that the compressed bunch’s image is rotated in the screen plane. One of the probable reasons for 
that is deviation of the time-dependent electric field from axial symmetry, which, in turn, may be caused by some 
mechanical inaccuracies in the microwave strip-line design. We are now comprehensively analyzing the origin of 
this effect in order to eliminate it in future. 
 
From the viewpoint of temporal focusing, most important issue is the correlation between the time moment τ  of 
electron bunch’ start, the time moment ∗τ  of high-voltage electric pulse triggering, and the pulse duration pulseT . 
In the static case, the particle’s arrival time )(τT , being considered versus τ  at zero initial energy of photoelectrons 
( 0=ε ) and the target plane position fixed, is simply the linear function TT +=ττ )( , with the constant T  being 
traveling time between the photocathode and the target plane. Things are quite different in time-depending case. 
Fig.6 displays the arrival time as function of τ , calculated for the photoelectron gun in question. 
 
 
Fig.6.  The double temporal focus effect in time-depending electric field. 
If the bunch starts “too early” with respect to the high-voltage electric pulse ≤τ( −3.8 ns, the point 4 in Fig.6), it 
travels in the initial static field with axial potential distribution ),( 1 ztΦ (see Fig.3). In this limiting case, the traveling 
time constant 1T  is unambiguously determined by ),( 1 ztΦ . Quite similarly, if the bunch starts “too late” ≥τ( 2.4, 
the point 3 in Fig.6), it travels in the final, also static, field ),( 2 ztΦ  (see Fig.3), with another traveling time constant 
12 TT <  determined by ),( 2 ztΦ . In both cases the electron bunch does not “feel” the time-depredating voltage 
applied. 
Fig.4.  A – swept image and time profile of the non-compressed photoelectron 
bunch of 150 ps duration (only 60 ps of the image could be put onto the screen 
due to restricted size of the latter),  B – swept image and time profile of the 
photoelectron bunch having been compressed in temporal focusing mode. 
Fig.5.  High-voltage electric pulse generated by the 
microwave strip-line in temporal focusing mode 
(1 – piece-wise linear computational model, 
  2 – real pulse measured at the electrode 3).  
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The information on temporal compressing of the bunch is concentrated in the non-linear part of the curve )(τT , 
located in between the points 3 and 4. This part contains two temporal focuses (the points 1 and 2) at which the first-
order terms in the expansion (1) vanish. It can be seen that the shape of the time dispersion histograms calculated at 
the temporal focuses 21,ττ  (see the inserts to Fig.6) is in full agreement with the local parabolic behavior 
2
2,12,1 )(~)( τττ −ΛT  of the arrival time in the vicinity of these points. The existence of the second temporal focus in 
time-depending field has been experimentally observed in the course of the photoelectron gun testing. 
 
Coulomb repulsion is another important issue that may essentially affect temporal resolution of the bunch at the 
target. It should be noticed that there is definite difference in Coulomb dynamics of electron bunches in static and 
time-depending fields. In static case there are no forces compressing the bunch in axial direction, and as a sequence, 
there are no factors that could prevent the axial space charge broadening of the bunch. In time-depending field the 
situation is quite different. As we have seen above, there exists a compressing effect proportional to the mixed 
derivative tz ∂∂Φ∂ /2 , which may be used as tuning factor to suppress, at least partially, the Coulomb broadening of 
the bunch. 
 
In Fig.7, the bunch duration at the target is displayed versus the high-voltage pulse amplitude for different 
number N of the particles involved. The calculations have been made with the newly developed perturbation-based 
algorithm [9]. It can be seen that, being the number of particles within the bunch fixed, there exists an optimal value 
of the pulse amplitude ensuring minimal bunch duration at the target. 
 
        
 
Overall, we have made three series of experiments on the bunch compressing with the photoelectron gun 
developed. The discrepancy between the experimental results displayed in Fig. 8 and the results of numerical 
simulation does not exceed 20%, which should be considered as being rather good for those complicated 
experiments. Presently we are perfecting the conditions of the experiment in order to penetrate the 50 fs barrier. 
Fig.7.  The compressed bunch duration versus high-voltage pulse 
amplitude for different number N of the particles within the bunch. 
(1 – Coulomb repulsion is not taken into account, 
2 – N = 1000, 3 – N = 2000, 4 – N = 3000). 
Fig.8.  Experimental result on temporal 
compressing of electron bunches of 
different initial durations. 
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5. Conclusion 
The main results of this work are as follows. 
 
1. It is shown that the possibility of first-order focusing in time-depending electric field offers an essential 
improvement in time resolution of electron-optical tools for TRED experiments. 
 
2. The first-order temporal focusing mechanism is theoretically studied. It is proved that the first-order temporal 
aberration coefficients with respect to the particle’s start time moment and initial axial velocity are 
proportional in arbitrary electromagnetic field. A master equation to describe joint evolution of the first-order 
temporal chromatic aberration and the first variation of the particles’ full energy inside the bunch is derived 
and investigated. It is shown that the first-order temporal focusing is conditioned by the change of the 
particles’ full energy inside the bunch when traveling through the time-dependent field region. 
 
3. The effect of the first-order temporal focusing is illustrated by two simple models allowing completely 
analytic investigation. 
 
4. The analysis of general quantum-mechanical limitation to the bunch duration in temporal compressing mode 
shows that the temporal compression always results in a certain energy spread of the bunch. In terms of the 
aberration theory, the quantum-mechanical limitation means the impossibility of complete elimination of the 
second-order temporal aberrations. 
 
5. A photoemission electron-optical system with combined time-dependent and static electric fields 
(photoelectron gun) ensuring both the first-order temporal focusing of the bunch at the target and its spatial 
focusing upon the screen has been designed and optimized with computer modeling. The experimental results 
on the photoelectron gun testing are in good agreement with the results of computer simulation. The effect of 
double temporal focusing in time-dependent field is theoretically revealed and experimentally confirmed. 
 
6. A difference in Coulomb dynamics of electron bunches in static and time-depending field is revealed. In the 
latter case, there exists a force able to compress the bunch in axial direction and thus to partially compensate 
for the space charge broadening. The contribution of space charge effects to the bunch duration as applied to 
the photoelectron gun designed is numerically evaluated. 
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